SUMMARY At cardiac catheterization, 93 pulmonary wedge angiograms were performed in 85 patients with congenital heart defects. The pulmonary wedge angiogram was quantitatively analyzed and the findings were compared with hemodynamic features and morphometric assessment of lung biopsy tissue when available (27 patients). A pulmonary wedge catheter was directed into the right or left lower lobe to the origin of the posterobasal segment artery. The balloon was inflated and 0.3 mI/kg Renovist injected; then, the balloon was deflated and the venophase was followed. From the cine, the following were assessed: (1) abruptness of tapering of the pulmonary arteries (mean length of the artery segment between luminal diameters of 2.5 mm and 1.5 mm was calculated), (2) intensity of background haze with reference to standard films and (3) pulmonary circulation time, i.e., the time from balloon deflation to entrance of Renovist into the left atrium.
0.05): group I, normal mean pulmonary artery pressure (Pp.), group II, increased Ppa pulmonary vascular resistance (Rp) < 3 U/m2, group IIIa, Rp > 3 <5 U/in and group II1b, Rp 5 U/in. Tapering was also more abrupt with increasingly severe structural changes in lung biopsy tissue (p < 0.001). Those with grade A (abnormal extension of muscle into peripheral arteries), grade B (A + increased medial wall thickness) and grade C (B + reduced artery concentration) were significantly different from each other (p < 0.02). Patients with grade IIIb hemodynamics and grade C lung biopsy changes also differed from all other groups in that they had significantly more reduction in background haze (p < 0.05) and tended to have a more prolonged pulmonary circulation time.
After repair, the rate of tapering reflected both the current hemodynamic state as well as preoperative Pp, and lung biopsy findings. Thus, the pulmonary wedge angiogram assessed quantitatively correlates with the hemodynamic findings and is also informative of the structural state of the peripheral pulmonary vascular bed.
THE NEED for and the timing of corrective congenital heart surgery are usually dictated by the patient's symptoms and hemodynamic data. The structural changes in the pulmonary vascular bed, however, influence both the immediate and long-term postoperative functional results, which do not always closely correlate with the preoperative hemodynamic findings.' 3 It would therefore be of considerable value if the structural state of the pulmonary vascular bed could also be assessed at cardiac catheterization using a simple technique such as a pulmonary wedge angiogram.
Previous studies of pulmonary wedge angiograms in patients with congenital heart defects have been carried out, but these were largely qualitative analyses and described such features as sparcity of arborization of the pulmonary tree, abrupt termination, tor-background capillary filling.4`8 These features were usually identified when there was severe elevation in pulmonary vascular resistance and when, in lung specimen or biopsy tissue, advanced pulmonary vascular changes of at least Heath-Edwards grade IIl severity were found. 4' More recently, on postmortem pulmonary arteriograms of infants and young children with congenital heart defects,i, 11 the abruptness of tapering of the pulmonary arteries and the decrease in intensity of peripheral vascular filling have been quantitatively assessed. These features correlate in severity with the morphometric changes of abnormal structure and growth of the intraacinar pulmonary arteries detected on microscopic evaluation of the lung tissue. The latter consist of muscle present in arteries very peripheral in location and normally nonmuscular, of increased medial wall thickness of the normally muscular arteries and of reduction in artery size and number.10 11 These changes are uniformly distributed throughout the lung12 and may therefore be reliably assessed from a lung biopsy specimen.12 Our recent studies have shown that they are progressive in severity and reflect an increase in pulmonary blood flow and pressure as well as in resistance. 13 We therefore applied quantitative techniques similar to those used in studying the postmortem pulmonary arteriogram to analysis of a pulmonary (table 2) Pulmonary vascular resistance (Rp) and systemic vascular resistance (Rs) were calculated using a measured oxygen consumption in 75 patients; in the other 10 , assumed values were used."4 The latter patients Abbreviations: Preop = preoperative; Postop = postoperative; VSD = ventricular septal defect; AVC = defect of the atrioventricular canal; dTGA = d-transposition of the great arteries; ASD II = secundum atrial septal defect; PDA = patent ductus arteriosus; TA = tricuspid atresia; CoA = coaretation of the aorta; PS = pulmonic stenosis; S/P = status post.
were included in our study because they had either mean pulmonary pressures in the normal range (< 18 mm Hg) or pulmonary-to-systemic flow ratios greater than 3:1. From the hemodynamic data, the patients were subdivided as follows: group I patients all had normal mean pulmonary artery pressure (Ppa) and Rp, with normal or increased pulmonary blood flow (Qp); group II patients all had increased Ppa and Qp, but normal or mildly elevated Rp (< 3 U/tn2); group III patients had both increased Ppa and Rp > 3 U/M2 and Qp was either normal, decreased or increased. Group III patients were subdivided into group Illa In 27 of the 74 preoperative patients, cardiac catheterization was followed by surgical repair from which lung biopsy tissue was available for analysis. The median interval between catheterization and surgery was 3 weeks (range 2 days to 1 year). From nine of the 15 patients who had pulmonary wedge angiograms 1 year after surgery, lung biopsy tissue was also analyzed, having been taken in eight at repair and in one at subsequent reoperation.
The tissue resected at lung biopsy was processed and analyzed by previously described techniques. '3 The results were classified according to the degree of abnormality in structure and growth of the peripheral arteries.'3 Because we now recognize three degrees of medial hypertrophy, we have modified our original grading system as follows: grade A: either the only change observed was an abnormal degree of extension of muscle into peripheral arteries or there was a trivial increase in medial wall thickness of the normally muscular arteries less than 1.5 times normal; grade B (mild): in addition to the abnormal peripheral extension of muscle seen in grade A there was more severe medial hypertrophy with wall thickness > 1.5 times but < 2 times normal; grade B (severe): in addition to abnormnal peripheral extension of muscle, there was even more severe medial hypertrophy with wall thickness > 2 times normal and some reduction in external diameter of the intraacinar arteries was often seen; grade C: changes as in B (severe) were present plus a reduction in the concentration of arteries.
These morphometric changes have already been correlated with hemodynamic features. 13 The technique of wedge angiography was standardized in the following manner. For the right-sided angiogram, a #5 or #6 pulmonary wedge catheter was placed in the lower lobe to a level one rib space below the takeoff of the right pulmonary artery (this has been found to be the approximate level of origin of the posterior and medial basal segments). The right lung was the preferred site because it was usually easier to wedge the catheter there and because we took our lung biopsies from the right lung.`3 Occasionally, the angiogram was performed on the left side either because in a few patients it was easier to wedge the catheter on that side or there was a difference in pulmonary artery pressure or resistance between the right and left lung and so it was decided to study each separately. For the left-sided studies, the catheter was placed two rib spaces below the takeoff of the left pulmonary artery. The anterior medial basal segment as well as the posterior and lateral segment arteries often filled in the left-sided injections. After the catheter was positioned, the balloon was inflated and contrast material (Renovist, Squibb) was injected at a dose of 0.3 ml/kg (minimum 2 ml). Most of the injections were by hand as this was thought to be safer and simpler; in the last 15 patients, however, we performed pressure injections by machine at a flow rate of 5 ml/sec without any complications. We found that the two methods gave similar results in the correlation of angiographic measurements with hemodynamic and lung biopsy data. After the injections, the balloon was deflated and the venophase was examined. The procedure was filmed on biplane cine; anteroposterior and lateral calibration marks were inicluded and x-ray source and image intensifier positions were recorded so that magnification factors could be calculated to determine actual vessel size.
Analysis of the Angiogram

Rate of Tapering
From the wedge angiogram, a frame at maximum inspiration was identified (i.e., the frame in which the VOL 63, No 1, JANUARY 1981 diaphragms were flattest). Tracings were made of all the arterial pathways that had filled with contrast material. After correcting for magnification (usually 1.5-3 times actual size) in each arterial pathway, the luminal diameters of 2.5 mm and 1.5 mm were located. The anterior projection was used for these measurements because there was less overlap of vessels than in the lateral projection and edges were easier to discern. The shortest length between these two diameters for as many vessels as possible was measured and a mean length was then calculated. The length of the artery segment between the two diameters reflected the rate of tapering of the artery (the longer the segment, the more gradual the tapering; the shorter, the more abrupt).
In the first half of our studies we evaluated the rate of tapering over different combinations of luminal diameters from 1-4 mm as well as over different positions in the arteries, i.e., middle third, distal third, but we found that the length of segment between luminal diameters of 2.5 mm and 1.5 mm best correlated with Ppa, Rp and lung biopsy findings. Background Haze The degree of filling of small peripheral arteries that determines the background haze could be satisfactorily assessed in 58 preoperative studies (73%) and in 12 postoperative studies (80%). In the others, the cine was too overpenetrated to judge background filling. The degree of background haze was assessed as being normal, mildly, moderately or markedly reduced by comparing the angiogram with standards we had established (figs. 2A and B). Because arterial concentration is reduced in newborns and young infants, allowance was made for age. In patients younger than 6 months of age, mild or moderate reduction was considered normal, and in younger than 1 year of age mild reduction was considered normal. In patients in whom we judged the background haze to be diminished, we also observed whether the reduction was uniform or patchy in distribution. Pulmonary Circulation Time We defined pulmonary circulation time as the transit time of the contrast material through the capillaries and veins. We measured it by counting the number of frames between the time the balloon was deflated and the time contrast material was seen in the pulmonary veins at their site of entry into the left atrium; we then divided the number of frames by the cine film speed (64 frames/sec). Analysis of pulmonary circulation time was performed in 41 of 78 preoperative studies and only in three of 15 postoperative studies, because this measurement was begun later in the study. Also, 5% of the studies were unsatisfactory for analysis because the balloon catheter was only partially wedged and there was some early spillover of contrast material into the veins.
Analysis of Data
When possible, wedge angiograms were assessed without knowledge of the hemodynamic data. The t test was used to assess the significance of differences between the hemodynamic groups and the lung biopsy groups in terms of the angiographic assessment of rate of tapering, degree of background haze and pulmonary circulation time. Preoperative Studies. The length of the pulmonary artery over which the lumen diameter decreased from 2.5 to 1.5 mm was progressively shorter in patients from groups characterized by increasingly abnormal hemodynamic features ( fig. 3 ). Linear regression analysis revealed that the trend was significant for the group as a whole (p < 0.001). In group I patients, those with normal Ppa and Rp, the arterial segment was longest (mean length 16.1 ± 0.9 mm) and the rate of tapering most gradual. In group II patients, those with elevated Ppa and normal or mildly elevated Rp < 3 U/m2, the arterial segment was significantly shorter (p < 0.001) (mean length 10.7 + 0.6 mm) and hence tapered more abruptly. In group III patients, those with elevated Ppa and Rp, the arterial segment was shortest (mean length 7.3 ± 0.4 mm) and the rate of tapering was most abrupt (p < 0.001). Group Illa patients (Rp > 3 < 5 U/M2) had less abrupt tapering than group IIIb patients (Rp . 5 U/M2, p < 0.025). Cumulative distribution of the rate of tapering in patients grouped according to hemodynamics is shown in figure 3 . Although there is overlap between the groups, our data suggest that if the axial artery length is greater than 15 mm, normal PP, is expected, if less than 10 mm, increased Ppa is expected and if less than 7 mm, increased Rp is expected.
Postoperative Studies. In the angiograms performed 1 year postoperatively, the rate of tapering reflected both the current hemodynamic state and the hemodynamic features of the preoperative catheterization. For example, in all seven patients from group I who had normal Ppa preoperatively and in one patient from group II who had mild elevation, gradual tapering of the arteries was observed on the wedge angiogram 1 year postoperatively, consistent with their normal Ppa at that time; the other three patients from group II in whom Ppa was at systemic level preoperatively had significantly more abrupt tapering (p < 0.025), even though they also had a normal Pp, at the postoperative study. The rate of tapering was abnormally abrupt in two patients in whom postoperatively the Ppa and Rp increased from normal preoperative values. 
diameters of 2.5 mm and 1.5 mm for each of the hemodynamic and lung biopsy groups. The areas of overlap and separation are seen as well as the ranges of values obtained for each group. One patient (asterisk) had a long axial artery length given her high pulmonary vascular resistance (Rp) value. She had a secundum atrial septal defect and evidence of pulmonary artery hypertension was documented only in early adulthood. Although there is considerable overlap between the groups, our data suggest that patients with axial artery lengths greater than 15 mm can be expected to have normal mean pulmonary artery pressure (Ppa) and minor structural changes in lung biopsy; those with axial artery lengths less than 10 mm are likely to have increased Ppa and more severe structural changes of at least grade B (severe); and those with axial artery lengths less than 7 mm probably have elevated Rp (> 3 U/M2) and fewer arteries.
circulation time was 0.58 ± 0.07 second for group I, 0.55 ± 0.05 second for group II, 0.56 + 0.07 second for group Illa and 0.71 ± 0.14 second for group IlIb. The prolonged pulmonary circulation time in the patients with pulmonic stenosis and in those with high Rp reflected the relatively lower pulmonary blood flows in these groups. The data from individual patients, showed that the delay in transit time could not always be reliably predicted from the measurement of pulmonary blood flow alone. The pulmonary circulation time did not appear to be influenced by heart rate. Increased left atrial pressure in the presence of increased pulmonary blood flow, i.e., in patients with congestive heart failure, did not seem to contribute significantly to the measurement of pulmonary circulation time. There were only two patients with normal pulmonary blood flow and increased left atrial pressure as a result of mitral regurgitation; their pulmonary circulation times were slightly but not significantly longer than those of other patients with normal pulmonary blood flow. The influence of blood flow from collateral vessels on the measurement of pulmonary circulation time was difficult to assess. The only patients with cyanotic congenital heart defects in whom pulmonary circulation times were available were those with d-transposition of the great arteries, and their values were in keeping with the values in other patients in their hemodynamic groups.
Postoperative Studies. The pulmonary circulation time was only available in three postoperative patients; it was shorter in the two patients from hemodynamic group I in whom Ppa was normal postoperatively than in the patient with elevated Rp from group III. The latter patient had a very low pulmonary blood flow. Rate of Tapering Preoperative Studies. The groups of patients in whom lung biopsy tissue was graded A, B or C, according to the severity of the structural abnormalities of growth and development of the peripheral vascular bed, had increasingly rapid rates of tapering of the pulmonary arteries in the wedge angiogram. Linear regression analysis verified that the trend was significant for the data as a whole (p < 0.001). The four patients with grade A structural changes had gradual tapering, with a mean axial artery length of 17.4 ± 3.5 mm between luminal diameters of 2.5 mm and 1.5 mm. Four patients with grade B (mild) changes also had gradual tapering, but 13 patients with grade B (severe) changes had significantly more abrupt tapering (p < 0.005), with a shorter mean axial artery length of 9.0 ± 0.5 mm. The six patients with grade C changes had the fastest rate of tapering (p < 0.001), with a mean axial artery length of only 7.0 ± 0.5 mm. The two patients with the most severe grade C changes, i.e., the greatest reduction in the number of arteries, also had advanced structural changes greater than Heath-Edwards grade III. 1 Cumulative distribution of the rate of tapering in patients grouped according to lung biopsy findings ( fig. 3) showed some overlap among the groups. Our data suggest, however, that if the axial artery length is greater than 13 mm, minimal grade A changes are likely; if less than 10 The six patients with grade A or grade B (mild) changes in lung biopsy tissue at repair and normal Ppa postoperatively had gradual tapering of the pulmonary arteries on the postoperative pulmonary wedge angiogram; the two patients with grade B (severe) changes, however, had more abrupt tapering (p < 0.01), even though they also had normal Ppa postoperatively. This suggests incomplete regression of the structural abnormalities in the group with grade B (severe) changes. The patient with grade C changes at reoperation also had abrupt tapering.
Background Haze
Preoperative Studies (table 5) . The diminishing intensity of background haze correlated significantly with the increasing severity of the structural changes seen in the lung biopsy tissue (p < 0.001). All seven patients with grade A changes and four of 12 with grade B (severe) changes had normal background haze. The remaining eight patients with grade B (severe) changes, however, had a reduction in background haze that was mild in three and moderate in five. The six patients with grade C changes all had moderate or severe reduction in background haze. Dilatation lesions were most probably the cause of the patchy areas of increased filling seen in two of-the wedge angiograms that, overall, had diminished background haze. The presence of the dilatation lesions was confirmed in the biopsy specimen from one of the patients; in the other patient, late occlusive changes had grade A changes at the time of repair had normal background haze postoperatively, but the two who had grade B (severe) changes still had a mild reduction. The patient with grade C changes had a moderate reduction in background haze.
Pulmonary Circulation Time Preoperative Studies (table 5) . Two patients with grade A changes and normal pulmonary blood flow and four of five with grade C changes and normal or mildly increased pulmonary blood flow had more prolonged pulmonary circulation times than the seven of eight patients with grade B (severe) changes, all of whom had markedly increased pulmonary blood flow. The two patients in group C with the highest Rp values also had the longest pulmonary circulation times.
Postoperative Studies (table 3 ). In the patient who had grade B (severe) changes present at the time of repair and in the other patient with grade C changes, the pulmonary circulation time was prolonged and the pulmonary blood flow was low.
Discussion
Analysis of the Technique
The described method of pulmonary wedge angiography offers several advantages over previously used techniques.4 8 By maintaining the balloon catheter inflated and injecting proximally, it is possible to evaluate an entire segment of lung; in previous studies, the catheter was wedged as far peripherally as possible so only a small subsegment could be examined. Moreover, maintaining the balloon inflated for the injection and then deflating it afterwards allows assessment of the arterial and venous phases separately and facilitates evaluation of the vessels in both expiration and inspiration. Also, the 5% incidence of pleural pain and discomfort that may occur with peripheral injections4 as a result of infiltration of contrast material into the lung tissue is avoided.
Calculation of magnification factors from biplane cineangiography in our study allowed measurement of the luminal diameter and length of the artery more precisely than if the known catheter diameter were used as the correction factor for the dimension of the artery, as the vessels measured were far from the site of injection (i.e., the catheter site).5' 8 By averaging measurements from as many arteries as possible, we make allowance for some of the distortion that occurs when measurements are taken of vessels traveling in different planes.
Our method of estimating pulmonary circulation time differs from that suggested by Castellanos et al. 6 These authors measured the average pulmonary circulation time as the number of seconds from the beginning of the injection to the time of identification of contrast material in the left atrium. This time interval, however, may be influenced by the rate of injection. By using a balloon catheter to separate arterial from venous phases, we can take the circulation time through the capillaries and veins as the time from balloon deflation to entry of contrast material into the left atrium; this interval is not related to the speed of injection.
By measuring the rate of tapering of the axial pulmonary arteries, several features are taken into consideration. With increasing intraacinar vascular damage, the pulmonary artery at the hilum and through the proximal two-thirds of the axial arteries seen on the wedge angiogram becomes dilated. This shifts the normal 2.5-mm internal diameter mark more distally, i.e., more toward the periphery. There is also, however, increasing medial hypertrophy of the preacinar arteries seen in the peripheral one-third of the wedge angiogram. The resulting encroachment of their lumen shifts the 1.5-mm internal diameter mark more proximally, i.e., more toward the hilum. Both aspects contribute to shortening of the distance between the 2.5-mm and 1.5-mm internal diameter points and hence to a faster rate of tapering.
In previous studies, the rate of tapering has been assessed by the degree of dilatation of the artery lumen at the site of injection,8 by the ratio of the diameter of the lumen of the segmental artery to that of the segmental vein8 or by the ratio of lumen diameter of the artery at the site of injection to the lumen diameter at the first branch point. 7 The first two methods quantitatively assessed proximal dilatation, whereas we also quantified peripheral narrowing. The last method is most similar to the one we used but may be subject to more variaton because the lumen diameters are not measured at any precise location along the vessel length.
We observed that the rate of change of artery lumen diameter over a given diameter range (i.e., between 2.5 mm and 1.5 mm) correlates better with hemodynamic changes than does the rate of tapering over a given position, i.e., the middle or distal one-third of the distance from the origin of the segmental artery. The difference may be that the latter cannot always be as accurately determined.
For the first time, morphometric analysis of the pulmonary vascular bed as determined from lung biopsy tissue has been correlated with angiographic study of the pulmonary arteries. We observed that the rate of tapering assessed angiographically correlates well with the severity of the structural changes seen on biopsy tissue and with Rp measured at cardiac catheterization.
There was only one patient in our series with a ventricular septal defect and elevated Rp in whom congestive heart failure had not been documented clinically in early infancy. The child's early x-rays were not available, but there was apparently no evidence of increased pulmonary blood flow. On the wedge angiogram very abrupt tapering of the axial arteries was observed, but it is necessary to study more wedge angiograms in patients of this type to be sure that they do not need to be analyzed differently.
All patients in whom the rate of tapering of the pulmonary arteries was still abnormally rapid 1 year postoperatively but in whom resting hemodynamics haze, by a visual grading system, taking into account the age of the patient. However, this evaluation is somewhat subjective. Infants with small thin chests do not present as much a problem as older patients with varying body habitus, where increased fat density would make the film lighter and the background haze appear more prominent. Nonetheless, we could consistently identify patients with severe elevation of Rp who had at least grade C changes on lung biopsy tissue. The cross-sectional background area filled is diminished when the number and size of the peripheral arteries are reduced and also when, in the few remaining arteries present, there is encroachment on the lumen by abnormal medial hypertrophy and peripheral extension of muscle. The patchiness of peripheral filling previously described by Nihill and McNamara8 and others4 1 was observed in only two patients in our group. The patchiness appears to reflect clusters of dilatation lesions (Heath-Edwards grade IV).
Pulmonary Circulation Time
We found that the pulmonary circulation time is longest in patients with the highest Rp values and peripheral vascular changes of at least grade C severity and Heath-Edwards grade III and in those with pulmonic stenosis; this reflects, in part, the lower pulmonary blood flows in these patients and is in keeping with the findings of Castellanos et al. 6 In the patients with elevated Rp, delay in transit of the contrast medium is presumably due to the numerically reduced pulmonary vascular bed and the small remaining arteries with compromised lumens. The two patients in our series with elevated left atrial pressure and pulmonary venous hypertension on the basis of mitral regurgitation alone did have somewhat more prolonged pulmonary circulation times, compatible with previously described findings.6
Conclusion
Quantitative assessment from a pulmonary wedge angiogram of the rate of tapering of the pulmonary arteries is useful in patients with congenital heart disease who have, or are at risk of developing, severe pulmonary vascular changes and fixed elevation in pulmonary vascular resistance. More abrupt arterial tapering is more suggestive of severe changes in the distal pulmonary vascular bed.
